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Tradeoffs provide a rationale for the outcome of natural selection.
A prominent example is the negative correlation between the
growth rate and the biomass yield in unicellular organisms. This
tradeoff leads to a dilemma, where the optimization of growth
rate is advantageous for an individual, whereas the optimization
of the biomass yield would be advantageous for a population.
High-rate strategies are observed in a broad variety of organisms
such as Escherichia coli, yeast, and cancer cells. Growth in suspen-
sion cultures favors fast-growing organisms, whereas spatial struc-
ture is of importance for the evolution of high-yield strategies.
Despite this realization, experimental methods to directly select
for increased yield are lacking. We here show that the serial prop-
agation of a microbial population in a water-in-oil emulsion allows
selection of strains with increased biomass yield. The propagation
in emulsion creates a spatially structured environment where the
growth-limiting substrate is privatized for populations founded by
individual cells. Experimental evolution of several isogenic Lacto-
coccus lactis strains demonstrated the existence of a tradeoff be-
tween growth rate and biomass yield as an apparent Pareto front.
The underlying mutations altered glucose transport and led to
major shifts between homofermentative and heterofermentative
metabolism, accounting for the changes in metabolic efﬁciency.
The results demonstrated the impact of privatizing a public good
on the evolutionary outcome between competing metabolic strat-
egies. The presented approach allows the investigation of funda-
mental questions in biology such as the evolution of cooperation,
cell–cell interactions, and the relationships between environmen-
tal and metabolic constraints.
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Although the existence of tradeoffs in evolution seems to beundisputable, experimental evidence obtained under con-
trolled conditions is scarce. Several examples failed to show
tradeoffs (1–4), whereas others could ﬁnd them (5, 6) or found
general but not universal tradeoffs (7, 8). A tradeoff between
growth rate and growth yield in microbes (9–11) has direct
implications for experiments carried out in liquid cultures. This is
especially of importance during prolonged cultivations such as
laboratory evolution experiments. In suspension, fast-growing
variants outcompete slower growing ones at the cost of biomass
yield (5). The yield versus rate optimization is governed by a di-
lemma where fast growth is advantageous from the perspective
of an individual cell, whereas slow growth, and therefore high
yield, is advantageous from the perspective of a population. This
dilemma is consistent with a concept termed the tragedy of the
commons (12). It is well described that spatial structure is es-
sential for the selection of high-yield strategies (13–15). The
yield/rate tradeoff of microbial growth has been linked to met-
abolic strategies (11) such as the switch between respiration and
fermentation in yeast (9). It is suggested that the underlying
cause of this tradeoff is based on thermodynamic principles,
which describe that the rate of an isolated metabolic reaction
is driven by free-energy dissipation and hence is negatively
correlated with the product yield (9). However, it remains
unclear if this is also valid for growth of an organism where
near-equilibrium thermodynamics do not necessarily apply. Sev-
eral studies that tried to address the yield/rate tradeoff experi-
mentally failed. Luckinbill compared strains that were either
adapted by serial propagation during exponential growth or in
stationary phase (16). Velicer and Lenski compared strains that
evolved in either carbon-limited chemostat cultures or in batch
cultures (2). Both studies assumed that during the exponential
phase of a batch culture, there was excess of substrate and there-
fore fast growing mutants should become dominant, whereas in
either stationary phase or a carbon-limited chemostat, nutrients
are limited and mutants that use their substrate efﬁciently should
become dominant. We think that the reason why these and other
studies (4, 6) failed to identify a yield/rate tradeoff over the course
of experimental evolution is that in all cases the experiments were
carried out in suspension cultures. In such an unstructured
environment resources are a public good and accessible to ev-
ery individual. In the case of batch cultures, this will select for
the fastest growing organism, whereas in the case of a chemo-
stat, selection will favor mutants with a higher afﬁnity to the
limiting substrate (17).
In theory, the selection of cells with increased metabolic efﬁ-
ciency but potentially slower growth rates is only possible if there
is no or only limited substrate competition between fast and slow
growing cells. We showed that such criteria are met in an
emulsion-based serial propagation protocol, which favored the
selection of strains with an increased number of offspring but
decreased growth rates. The mechanism underlying those phe-
notypic changes was a shift in metabolic efﬁciency caused by
altered glucose transport.
Results
Selection During Serial Compartmentalization in Emulsion. To select
mutants with an increased number of offspring rather than in-
creased growth rate, competition between individual cells needs
to be eliminated through e.g., compartmentalization of single
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cells. Additionally, the number of compartments has to be high
to guarantee a large enough population size for selection to
act on. We reasoned that these criteria are met in a water-in-oil
(w/o) emulsion. The water phase consists of the growth medium
of an organism while the droplets in the emulsion are surrounded
by an oil phase that prevents diffusion of molecules between
individual droplets (Fig. 1). Following a Poisson distribution
(e.g., λ = 0.1), droplets can be inoculated with single cells that
are the founders of new populations in each droplet (SI Appendix,
Fig. S1). Given sufﬁcient time, populations in each droplet can
grow to the maximum carrying capacity of the given medium. At
the end of the incubation, the fraction of mutants that are pro-
ducing a higher number of offspring will have increased com-
pared with the fraction of these mutants at the time of inoculation.
After breaking the emulsion, the cells are pooled in the medium
(water) phase. At this stage, cells can be enumerated, diluted,
and used again for the inoculation of the following emulsion.
By repeating such a transfer regime in emulsion, cells with an
increased number of offspring will be selected (Fig. 1 A and B).
We validated this concept by competing a Lactococcus lactis
strain with its lactate dehydrogenase (ldh) negative derivative.
In the ldh mutant, the glycolytic ﬂux is diverted from lactate
toward acetate (Fig. 1C), which results in a higher ATP- and
biomass yield but also a decreased growth rate (Fig. 1D). Our
experiments showed that in suspension, the wild-type strain
rapidly won the competition, whereas in emulsion, the slow
growing ldh mutant became dominant (Fig. 1E). This demon-
strates a fundamental difference in selection pressure between
the two culturing systems.
Exploring the Yield/Rate Tradeoff During Serial Propagation in
Emulsion. We then explored the yield/rate tradeoff in isogenic
L. lactis cells through serial propagation of chemically mutagenized
populations in emulsions. Bacteria were allowed to grow for 2
d in the individual droplets and after 22 propagation cycles 88
individual colonies from two independent cultures were iso-
lated. Growth rates and the maximum optical densities, which
were used as a proxy for the total biomass yield, were determined
for the individual cultures. One of the 88 strains (designated
HB60) showed an 25% increase in maximal optical density,
a 26% increase in culture dry weight, a 47% decrease in growth
rate (MG1363 μ = 0.79 h−1, HB60 μ = 0.42 h−1), a 38% decrease
in cell volume (MG1363 = 3.97 μm3, HB60 = 2.45 μm3), and
a 71% increase in the total number of cells per culture volume
(Fig. 2 and SI Appendix, Fig. S2). The results furthermore
showed that after 22 propagation steps, most isolates cluster
closely together in the yield/rate plot (Fig. 2A), whereas after
28 and 31 transfers multiple populations with more distinct
properties arise. Interestingly also variants arise that seem to
be slower and have a lower optical density compared with other
variants in the same population. This indicates that optical density
measurements might not always be representative for the number
of offspring or that selection is also inﬂuenced by properties such
as survival in stationary phase. Although we only characterized
one strain of the above experiment in depth we are conﬁdent that
the enrichment of strain HB60 was no coincidence. This was
evident from the continuation of the original propagation ex-
periment (Fig. 2) but also from the proof-of-principle exper-
iment (Fig. 1) and the invasion of HB60 in the wild-type
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Fig. 1. Serial propagation in suspension leads to the selection of mutants with increased growth rates (A). If droplets in emulsions are initially occupied with
a single cell, mutants with a higher number of offspring will be able to grow to a higher cell density compared with the wild-type strain even if such mutants
grow slower. If the emulsion is subsequently broken, diluted, and used to inoculate a new emulsion, one can enrich for strains with a higher number of
offspring (B). In lactic acid bacteria catabolization of glucose to lactate yields two molecules of ATP and it is faster than the conversion to acetate, which yields
three molecules of ATP (C). This leads to a yield/rate tradeoff, which is demonstrated by deleting the lactate dehydrogenase (ldh) of L. lactis. In a pure culture
strain NZ9000 is inefﬁcient but fast (solid black line in D), whereas the ldh negative variant NZ9010 is efﬁcient but slow (solid red line in D) (21). In coculture
the fast strain is expected to reach the maximum carrying capacity quicker than the slow growing strain and subsequently overall growth will cease (dashed
lines in D). This will lead to the loss of the slow growing variant from the culture. However, growth of individual cells in emulsion rather reﬂects many
individual growth curves of pure cultures. Therefore, serial propagation in emulsion should allow the enrichment of slow growing but efﬁcient cells, whereas
in suspension the opposite is expected. This concept was demonstrated in a competition experiment of L. lactis NZ9000 and its ldh negative derivative NZ9010
(E). See SI Appendix for details.
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population from a low frequency (SI Appendix, Fig. S3). Taken
together, the results are consistent with the idea that propa-
gation in a compartmentalized environment would enrich for
strains with an increased number of offspring. In the case of
HB60, the increased number of offspring also coincides with
an increased biomass yield and a decreased growth rate in-
dicating a yield/rate tradeoff.
Major Metabolic Shift Caused Decreased Growth Rate but Increased
Biomass Yield. Whereas the wild-type strain MG1363 produced
mainly lactate as a metabolic end product, HB60 produced mainly
acetate, formate, and ethanol (SI Appendix, Fig. S4). This repre-
sents a metabolic shift in fermentation products, which is a major
determinant of the ATP yield per glucose molecule (metabolic
efﬁciency). We subsequently tested the stability of this metabolic
strategy during cell propagation in suspension. Three indepen-
dently propagated cultures of HB60 showed that within 90 gen-
erations, the cultures were dominated again by fast growing
variants (designated HB61, HB62, and HB63) with decreased
yield, increased cell size, and lactate as the major metabolic end
product (Fig. 3 and SI Appendix, Fig. S5). These results suggest a
strong selective pressure of the culturing conditions on the
metabolic shift and its effect on growth yield and growth rate.
Altered Glucose Transport Caused the Metabolic Shift. Genome
resequencing of strain HB60 revealed a point mutation in ptnC
(SI Appendix, Fig. S6), which encodes a component of the main
glucose transport system of L. lactis. This phosphoenolpyruvate:
phosphotransferase system (designated PTSMan because of its initial
description as a mannose transporter) is the only high-afﬁnity
glucose transporter in this strain (Km = 13 μM), whereas the
other glucose transport systems, the glucose permease glcU and
the PTSCel system (a PTS that is also known to transport cello-
biose) have Km values of 2.4 mM and 8.7 mM, respectively (18).
The sugar concentration at the beginning of our batch cultures
was 5 mM and therefore mutations in the high-afﬁnity system are
expected to have the largest effects on glucose transport in our
selection medium. In L. lactis, the acidiﬁcation rate is a measure
of the glycolytic ﬂux. We found that HB60 had a 41% decreased
acidiﬁcation rate compared with the wild type, whereas the three
fast growing revertants HB61, HB62, and HB63 showed acidiﬁ-
cation rates that were, respectively, 27%, 45%, and 32% in-
creased relative to the wild type (SI Appendix, Fig. S7).
Alterations from a high to a low glycolytic ﬂux lead to a shift
from the lactate toward the acetate branch and vice versa,
changing the ATP yield and explaining the observed alterations
in biomass yields. Genome resequencing of fast growing re-
vertant strains showed that strain HB61 and HB63 have the
transposable element IS905 inserted in the promoter region of
PTSMan, encoding ptnABCD. Additionally HB63 has IS905 also
inserted upstream of the glucose permease glcU. IS905 contains
an outward facing perfect −35 promoter element at its 3′ end.
Upon transposition upstream of ptnABCD and glcU new con-
sensus promoter sequences are formed with −10 promoter ele-
ments located in the appropriate spacing on the integration locus
(SI Appendix, Figs. S8 and S9). An increase in transcription levels
upon transposition of IS905 into other promoter regions of
MG1363 has been described earlier (19, 20). The transpositions
of IS905 can therefore explain the enhanced acidiﬁcation rate
phenotype of the revertant strains HB61 and HB63.
Fast Growth Rates Were Strongly Linked to Lactate Production. A
comparison of all strains evolved in this study, including two
mutant strains that were deﬁcient in two glucose transport sys-
tems, revealed a signiﬁcant negative correlation of growth rate
and growth yield over all 22 strains (adjusted R2 = 0.71, P <
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Fig. 2. Enrichment of strains with increased maximum optical densities
(y axis) and decreased growth rates (x axis) throughout propagation in
emulsion. Strain HB60 was isolated after 22 transfers in emulsion (A). Further
propagation of this culture in emulsion up to 28 (B) and 31 (C) transfers
resulted in an increased fraction of strains with increased optical densities
and/or decreased growth rates. The data also indicate that several clusters of
new phenotypes emerge. SEs are indicated (n = 4). D shows growth curves of
the wild-type M1363 (black line) and isolate HB60 (red line), which grows
slower but reaches a higher cell density.
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Fig. 3. Yield/rate trajectories during selection in emulsion (dotted black
line) and in suspension (solid lines). L. lactis MG1363 (black dot) was prop-
agated in emulsion, which led to the isolation of HB60 (red dot). Sub-
sequently HB60 was propagated in suspension for 160 generations. The solid
arrows show the trajectories followed by three individual cultures of HB60
after 60, 100, and 160 generation in suspension. The dots after 100 gen-
erations are from single colonies isolated from the respective cultures, des-
ignated HB61 (green), HB62 (blue), and HB63 (turquoise). Gray dots show
other isogenic isolates of MG1363 (SI Appendix, Fig. S10). SEs are indicated
(n = 11).
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0.0001) (Fig. 4 and SI Appendix, Fig. S10). The growth rate was
also positively correlated with the fraction of carbon that was
catabolized through the lactate branch (Fig. 4). The data suggest
that there is a limit, also termed Pareto front, where improvement
in growth rate can be achieved only at the expense of growth yield
or vice versa. As neither selection in suspension nor emulsion
allowed the isolation of strains that crossed the apparent yield/rate
Pareto front, we challenged this front by serially propagating
L. lactis NZ9020 in suspension. In NZ9020 (21) both known
lactate dehydrogenase genes are disrupted and it is therefore un-
able to produce lactate as a fermentation end product. Three in-
dependent serial propagations of NZ9020 in suspension for 240
generations as well as 96 independent propagations for 100 gen-
erations resulted in no signiﬁcant alterations of the growth rate or
metabolic end products (organic acids were determined for nine
cultures), indicating that an increase in growth rate, while me-
tabolizing substrate efﬁciently through the acetate branch, is not
very likely (SI Appendix, Fig. S11).
Discussion
The described work is relevant to several related concepts in
evolutionary biology. Serial propagation in emulsion describes
the periodic isolation and propagation of single individuals,
which underlies the concept of group selection (22) and has
previously been described with the haystack model (23). Each
droplet in the emulsion would be the equivalent of a haystack in
the model and emulsion propagation resembles migration and
colonization of haystacks with single individuals. Whereas the
relevance of group selection in nature was the subject of intense
discussions (23, 24), we show that periodic isolation does lead to
a fundamentally different evolutionary outcome if compared
with populations with continuously interacting individuals.
The described yield/rate tradeoff is also necessary to under-
stand the mechanism of r/K selection. In r/K selection theory,
high growth rate (r) is beneﬁcial at low population densities and
high food availability. However, at high population densities,
close to the carrying capacity (K), food is scarce and its economic
use is favored (25). It is assumed that selection acts reciprocally
on the parameters r and K of a population (26). The demon-
strated yield/rate tradeoff suggests the fundamental nature of
this prerequisite for r/K selection theory. However, we would like
to note that in our system faster growing cells not only waste
energy by producing lactate, they also spent longer periods under
starvation conditions in stationary phase. The latter by itself
potentially favors the selection of slow growing cells in the pre-
sented propagation system.
The evolution of restrained growth phenotypes was shown
earlier in systems that combined limited dispersal and/or spatial
structure with ecological feedback. Examples include experi-
ments with a community of three competitors that are engaged in
a nontransitive (rock–paper–scissors) relationship (27) or the
evolution of bacterial cross-feeding, which is costly for the in-
dividual but beneﬁts the community (28). Compared with those
studies, we show that the evolution of restraint is also possible
without ecological feedback if the selection regime directly aims
at an increased number of offspring. Another example for the
evolution of restraint is described for bacteriophages of Escher-
ichia coli. Two phage strategies lead to a “tragedy of the com-
mons” by either being fast in infecting host bacteria but with low
productivity when alone or vice versa. The selection of either
phage strategy is determined by spatial restrictions in migration
patterns (29, 30). The presented approach permits the variation
of cells/phages per droplet in the emulsion, which will allow the
investigation of interactions in microbial communities, which
hitherto could not be addressed because of the limited number
of compartments available in standard culturing techniques.
Cooperative traits often relate to extracellular molecules that
confer a beneﬁt to the total population but are a burden for the
producing cell. Because of this burden the expression of extra-
cellular proteases in lactococci (31, 32), invertase expression in
yeast (33), or siderophore production in the pathogen Pseudomonas
aeruginosa (34) are described as unstable. Such cooperative traits
are expected to behave fundamentally differently in a suspension
compared with an emulsion-based culturing system. The de-
scribed approach should therefore open new possibilities for
the investigation of the evolution of cooperation as well as facil-
itate the selection of strains with increased production levels of
industrially relevant biomolecules such as extracellular substrate
degrading enzymes.
Other industrial applications of the described selection pro-
cedure include the increase of biomass yield or the reduction of
unwanted metabolic side products that are associated with fast
growth such as acetate production in E. coli cultures (35) or
ethanol production in respiring yeast (36). Furthermore, meta-
bolic engineering strategies are increasingly based on genome-
scale metabolic models, in particular through ﬂux balance anal-
ysis (FBA). Such stoichiometric models optimize the molar yield
of metabolic networks, which is discrepant with experimentally
evolved organisms that are mostly optimized for growth rate
(37). The selection of cells with optimized biomass yield therefore
provides a direct correspondence between model predictions and
evolutionary outcomes, allowing in silico design in metabolic
engineering (38).
Our selection scheme for microbial biomass yield is similar
to compartmentalized self-replication (CSR), a technique used
growth rate
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sented strains. A positive correlation of growth rate and cell size as shown
here is consistent with earlier results from adaptation experiments (45).
(Lower) Individual data points and a linear regression line (red). (Upper)
Corresponding Pearson correlation coefﬁcient. All correlations are signiﬁ-
cant (P < 0.01). The 22 data points in each plot are individual strains, which
are all derivatives of L. lactis MG1363 and they correspond to the strains
shown in SI Appendix, Fig. S10.
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for the directed evolution of DNA polymerases (39). Polymerases
self-replicate their encoding DNA and can be enriched through
iterative cycles of compartmentalization following dilution. These
two approaches, which are based on polydisperse emulsion sam-
ples (droplets vary in diameter), have the advantage that sample
preparation is straightforward. By mixing aqueous samples to-
gether with a suitable surfactant-containing oil phase, millions
of compartments are generated in minutes, not requiring any
specialized equipment. Although monodisperse emulsion sam-
ples (uniform droplet size) produced with microﬂuidic droplet
generators (40) allow for a high degree of control in encapsu-
lating single cells in droplets (41), the additional technological
complexity as well as the difﬁculty in handling a multitude of
samples in parallel in our opinion outweighs the beneﬁt of a likely
only moderate acceleration of this passive selection process.
However, future advances in microﬂuidic droplet sorting (42),
for example, sorting based on optical density of droplet con-
tents, could well result in experimental protocols capable of
directly selecting cells with a high-yield phenotype and therefore
greatly facilitate such evolution campaigns.
In conclusion, our results experimentally conﬁrmed theoretical
predictions that selection of increased biomass yield is possible
with a protocol that selects for an increased number of offspring
through the compartmentalization of cells. Moreover, we dem-
onstrated how the yield/rate tradeoff affects the evolutionary
outcome in structured and unstructured environments. The
evolutionary solution of walking along a yield/rate Pareto front
through alterations in sugar uptake systems is intriguingly simple.
Materials and Methods
Strains and Media. L. lactis MG1363 (43) and derivatives were used
throughout this study. Experiments were carried out at 30 °C in a chemically
deﬁned medium (CDM) (44), which was supplemented with 5 mM glucose
(GCDM) with the exception of the competition experiment of NZ9000 and
NZ9010 (proof-of-principle experiment) where 25 mM glucose was added.
Bacterial plating was done on the rich medium M17 (Oxoid) supplemented
with 25 mM glucose (GM17).
Propagation in Emulsion. Three hundred microliters of a freshly inoculated
L. lactis culture was used to make an emulsion by shaking it for 3–4 min with
700 μL HFE7500 (3M Novec) on a vortex mixer. The oil was supplemented
with 0.5% vol/vol surfactant. Shaking was carried out at 2,200–3,200 rpm in
capped 10-mL tubes (Greiner Bio-One; 164161). After shaking an emulsion
separated in the tube from the surplus of oil within a few minutes and 650
μL of the oil phase was removed from the bottom of the tube. Cells were
allowed to grow in emulsion at 30 °C for 1 or 2 d and subsequently the
emulsion was broken. The breaking was done by adding 300 μL of
1H,1H,2H,2H-perﬂuorooctanol (Alfa Aesar) and frequent light shaking of
the tube over a period of up to 15 min. This resulted in the separation of an
oil and a water phase. After the separation of the two phases 700 μL of
GCDM was added and 900 μL of medium with the bacterial cells was
transferred to a sterile tube. The number of bacteria in this solution was
then determined using a Coulter Counter (Beckman-Coulter). Subsequently,
the cells were diluted in GCDM to give a concentration of 2 × 106 cells per
milliliter and a new emulsion was prepared as described. This process was
repeated serially for up to 31 times. Throughout the experiments, stock
solutions of cells from broken emulsions supplemented with 15% (vol/vol)
glycerol were prepared and stored at −80 °C in regular intervals.
Isolation of Strains with Increased Final Optical Density. The serial propagation
of mutagenized L. lactis MG1363 in emulsion was carried out in duplicate.
After 22 propagation steps, dilutions from each broken emulsion were
prepared and plated on GM17. A total of 44 single colonies from each
propagated emulsion were isolated and transferred to a 96-well microplate
ﬁlled with 200 μL GCDM. After growth for 2–3 h, these cultures were
propagated in fourfold into a 384-well microplate ﬁlled with 100 μL of
GCDM. Cells in the original 96-well plate were allowed to grow for 20–24 h,
and subsequently glycerol was added to each well to a ﬁnal concentration of
15% (vol/vol) upon which the plate was frozen at −80 °C. The inoculated
384-well microplate was placed in a microplate reader and the optical
densities at 600 nm were recorded for each well every 10 min for 48 h.
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